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REMARKS 

Claims pending in this application include: 283-362, 364-380, 382-398, 
400-404, 406-439 and 441-547. Claims amended herein include: 283-294, 360- 
361, 366, 370, 374-375, 379, 384, 388, 392-393, 397, 402, 408, 411-417, 
434, 443-460, 464-475, 479-487, 507, 509-514, 520-524, 526, 528-531 and 
546. No claims have been canceled or added by this paper. As required by the 
new revised format for amendments, a complete set of all the claims in this 
application has been provided above. Entry of the above amendments is 
respectfully requested. 

I. Claim Amendments 

As indicated above, a number of claims have been amended in this paper. 
The main purpose of these claim amendments is to define Applicants' claimed 
invention more clearly. The amendments to the claims are summarized below. 

In each of claims 283-294, 360-361, 411-417, 434, 443-460, 464-487 and 
546, the term "binding to or" has been deleted with respect to the nucleic acid 
portion of the non-radioactive signalling entities. Thus, the nucleic acid portion is 
now defined as being "capable of hybridizing with said bridging entity nucleic acid 
second portion." This description comports with the annealing practice disclosed in 
the specification on page 17, last four lines. 1 

In several other claims, dependencies have been changed. These include 
claims 366, 370, 374-375, 379, 384, 388, 392-393, 397, 402 and 408. 

Five claims, 507 and 528-531, have been changed to independent form. 
These claims were objected to as being dependent upon a rejected base claim, but 
would be allowable if rewritten in independent form including all of the limitations 
of the base claim and any intervening claims. 



1 This portion of the specification is also cited in the new matter rejection set forth in the February 
17, 2004 Office Action (page 4, penultimate paragraph). 
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Claim 509 has also been amended to recite "[a] polynucleotide sequence 
covalently attached to a non-nucleotidyl saccharide having up to 20 saccharide 
units." Thus, the language in claim 509 has been made clear that the saccharide 
unit(s) is/are not intrinsic elements of the nucleotide or polynucleotide. Rather, the 
saccharide units are extra-nucleotidyl elements that are covalently attached to the 
nucleotide or polynucleotide. A similar change has been effected to claim 522 ("A 
circular DNA molecule covalently attached to a non-radiolabeled non-nucleotidyl 
signal generating moiety"). Applicants respectfully point out that the term "non- 
nucleotidyl" is only further defining the nature of the saccharide or saccharide units 
covalently attached to claimed polynucleotide sequence. The inserted term - non- 
nucleotidyl -- is supported by the specification. For example, members of the non- 
radioactive signalling entities are described on several pages in the specification. 
For example, beginning on page 96, last paragraph, and continuing through page 
97, first paragraph, each of these members are non-nucleotidyl in nature: 

The Sig moiety employed in the make-up of the special nucleotides of 
this invention could comprise an enzyme or enzymic material, such as 
alkaline phosphatase, glucose oxidase, horseradish peroxidase or 
ribonuclease. The Sig moiety could also contain a fluorescing 
component, such as fluorescein or rhodamine or dansyl. If desired, 
the Sig moiety could include a magnetic component associated or 
attached thereto, such as a magnetic oxide or magnetic iron oxide, 
which would make the nucleotide or polynucleotide containing such a 
magnetic-containing Sig moiety detectable by magnetic means. The 
Sig moiety might also include an electron dense component, such as 
ferritin, so as to be available by observation. The Sig moiety could 
also include a radiation detecting means. The Sig moiety might also 
include a hapten component or per se be capable of complexing with 
an antibody specific thereto. Most usefully, the Sig moiety is a 
polysaccharide or oligosaccharide or monosaccharide, which is capable 
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of complexing with or being attached to a sugar or polysaccharide 
binding protein, such as a lectin, e.g. Concanavilin A. The Sig 
component or moiety of the special nucleotides in accordance with 
this invention could also include a chemiluminescent component. 

[emphasis added] 
Claim 510 has been amended to recite "[a] polynucleotide sequence 
covalently attached to a hormonal receptor." Support for this change is drawn 
from the specification, page 12, lines 22-23 ("a receptor portion, to be recognized 
by its hormone; . . ."). 

Claim 512 has been amended to clarify that the DNA molecule is both 
isolated and that the polynucleotide portion comprises a repeating low complexity 
sequence, the latter comprising polydCT and po/ydGA. Claims 513 and 514 both 
depend from claim 512 and each has been amended above. Amended claim 513 
now recites "[t]he DNA molecule of claim 512, wherein said DNA molecule is 
derived from a filamentous phage." Claim 514 now recites "[t]he DNA molecule of 
claim 513, wherein said filamentous phage is a M1 3 phage or a M1 3 phage 
variant." 

Similar amendments have been made to other dependent claims, including 
claims 520, 521 and 523. The former claim now recites "[t]he DNA molecule of 
claim 516, wherein said DNA molecule is derived from a filamentous phage." The 
latter claim recites "t]he DNA molecule of claim 520, wherein said filamentous 
phage is a M1 3 phage or a M1 3 phage variant." Claim 523 in its amended form 
recites M [t]he DNA molecule of claim 522, wherein said circular DNA molecule is 
derived from a filamentous phage." 2 

With respect to the nature of the filamentous phage recited in various claims 
that have been amended above, Applicants believe that it is clear from a reading of 
their disclosure, taken with original claim 79, that the DNA molecule recited in that 

2 See the original specification, page 16, lines 11-20; Example 32; and original claims 31, 32, 44, 
45, 70 and 71 (DNA polymer or bridging entity "is derived f rom a filamentous phage"). 
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original claim is derived from a filamentous phage. This is particularly so because 
filamentous phages are well known to consist of two portions a DNA molecule 
and a protein coat. The above amendments to the claims make it clear that the 
DNA molecule now being claimed is derived from a filamentous phage. 

Other changes to the claims have been made. Claim 524 now reads that 
"t]he DNA molecule of claim 522, further [carries] a polynucleotide portion which 
comprises a repeating low complexity sequence selected from the group consisting 
of poly dGT, poly dAC, poly dCT, poly dAT, poly dGC, poly dGA, poly dG, poly dC, 
poly dT, poly dA, and any combination thereof. The phrase formerly at the end of 
claim 524, "a sequence or segment of repeating low complexity," has been 
deleted. In claim 526, the language has been changed to read M [t]he DNA molecule 
of claim 524, wherein said repeating low complexity sequence is selected from the 
group consisting of poly dGT, poly dAC, poly dCT, poly dAT, poly dGC, poly dGA, 
poly dG, poly dC, and any combination thereof " 

Entry of the above amendment to the claims is respectfully requested. 



II. Rejection Based on Written Description 

Claims 512-521, 523, 524 and 526 stand rejected for new matter under 35 
USC §1 12, first paragraph. In the February 17, 2004 Office Action (pages 2-4), 
the Examiner stated: 

It is noted that newly added claims 506-531 have been pointed 
to by applicants to originally filed claims for written support. Newly 
added claims 506-531 have been pointed to originally filed claims 72- 
93 and 96-99, respectivley. Several inconsistencies, however, are 
present which supports this NEW MATTER rejected due to respective 
claims as listed above not supplying written basis for the now pending . 
claims. 

In newly added claim 512 the last line thereof is not the same 
as the last line of claim 78 which was pointed to for support. In 
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particularl original claim 78 is directed to a DNA molecule which is 
carrying a polynucleotide portion which comprises sequence options 
as listed therein. The apparently corresponding now pending claim 
512 now also is directed to such a polynucleotide but now also 
includes an option which is an unspecified "sequence" as well as 
alternatively including a further subdivision of the polynucleotide to 
include a segment which is of low complexity. This undefined 
"sequence" option for claim 512 is NEW MATTER as well as the 
further subdivision of the polynucleotide to contain a "segment" which 
subdivision was not previously cited in the pointed to claim 78. Claim 
524 also contains this NEW MATTER in corresponding inconsistency 
from original claim 90. Claims which depend directly or indirectly 
from claims 512 or 524 also contain this NEW MATTER due to their 
dependency. 

Claim 513 also further contains NEW MATTER in that it cites a 
filamentous phage which "contains" a DNA molecule whereas in 
contrast originally filed claim 79 discloses that the DNA molecule "is" 
the filamentous phage. The added "contains" vs. "is" different is 
NEW MATTER in newly added claim 513. This same NEW MATTER is 
present in claim 520 which is not consistent with the pointed to 
originally filed claim 86. Claim 521 also contains this NEW MATTER 
due to its dependence from claim 520. This NEW MATTER issue is 
also present in claim 523 which is not consistent with the pointed to 
originally filed claim 89. 

The rejection for new matter is respectfully traversed, or believed to have 
been obviated by several amendments to the claims above. 
A. Claims 512 and 524 

The Office Action rejects the word "segment" and the second instance of 
the word "sequence" in claims 512 and 524. 
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As now amended, both claims no longer include "segment" and the second 
instance of "sequence." 

B. Claims 513, 514, 520, 521 and 523 

With regard to claims 513, 514, 520, 521 and 523, the Office Action 
rejects the word "containing" in the phrase "filamentous phage containing the DNA 
molecule." 

As amended above, these claims now recite that the DNA molecule is 
derived from a filamentous phage or that the filamentous phage is a M1 3 phage or 
a M13 phage variant. It is believed that the language in amended claims 513, 514, 
520, 521 and 523 is supported by the original specification, including the originally 
filed claims directed to the same subject matter. As indicated above, a phage, 
particularly a filamentous phage, never consists of a DNA molecule and nothing 
else whatsoever. A phage always includes a DNA molecule plus something else, 
e.g., a protein component or coat. From a strictly logical standpoint, therefore, a 
DNA molecule never "is" a phage per se. Rather, the DNA molecule is a 
component of the phage, or to be even more technically precise, the DNA molecule 
is derived from a phage, e.g., filamentous phage. 3 In other words, a phage 
comprises a DNA molecule - and not the reverse. 

In view of the above amendments to the claims, Applicants respectfully 
request reconsideration and withdrawal of the first new matter rejection. 



3 See footnote 2 above, citing the original specification, page 16, lines 11-20; Example 32; and 
original claims 31, 32, 44, 45, 70 and 71 (DNA polymer or bridging entity "is derived from a 
filamentous phage"). 
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III. Rejection Based on Indefiniteness and Written Description 

Claims 283-362, 364-380, 382-398, 400-404, 406-439, 441-505 and 532- 
547 stand rejected under 35 USC §112, first and second paragraphs. In the Office 
Action (pages 4-5), the Examiner stated: 

The claimed compositions, kits, and methods, cite a signaling 
entity nucleic acid portion per se therein which is capable of either 
binding or hybridizing with the bridging entity nucleic acid second 
portion. See, for example, claim 283, lines 7-8, specifically. These 
binding "or" hybridizing options are not commensurate in scope with 
the interaction cited for said signaling entity with the bridging second 
portion which only cites annealing and not generic binding practice. 
This is directly cited in the specification on page 1 7, last 4 lines, 
wherein this annealing practice is cited but not generic binding 
between the above two cited entities. This limited citation to 
annealing is also present in originally filed instant claim 1 . 

The above discussed limitation to annealing as originally filed, 
which is reasonably interpreted as functionally equivalent to 
hybridizing, whereas, in contrast, the present claims are broader to 
include generic binding also supports the below NEW MATTER 
rejection of the presently pending instant claims. 

Claims 283-362, 364-380, 382-398, 400-404, 406-439, 441- 
505, and 532-547 are rejected under 35 U.S.C. 112, first paragraph, 
as failing to comply with the written description requirement. The 
claim(s) contains subject matter which was not described in the 
specification in such a way as to reasonably convey to one skilled in 
the relevant art that the inventor(s), at the time the application was 
filed, had possession of the claimed invention. The NEW MATTER has 
been described in the immediately preceding paragraph. 
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The currently amended claims no longer recite the word "binding" in the 
context of the association of the signalling entity's nucleic acid with the bridging 
entity's nucleic acid second portion. Thus, the rejection of claims 283-362, 364- 
380, 382-398, 400-404, 406-439, 441-505 and 532-547 has been obviated by 
the amendments above. 

In light of the above claim amendments, Applicants respectfully request 
reconsideration and withdrawal of the rejection for indefiniteness and new matter. 

IV. Prior Art - First Anticipation Rejection -- Maniatis et al. 

Claims 509, 510, 512-517 and 520-527 stand rejected under 35 U.S.C. 

§ 1 02(b) for anticipatbn by MOLECULAR CLONING [Maniatis et al. (1 982)]. In the 

Office Action (pages 5-6), the Examiner stated: 

Pages 51-54 of Maniatis et al. disclose various filamentous 
phages which contain DNA molecules as well as both single and 
double stranded nucleic acid forms thereof which anticipates the 
above instant claims. Sequences therein are disclosed on page 53 
which specifically read on sequences as cited in instant claim 512, for 
example. Such polynucleotides may also be interpreted reasonably as 
functional segments therein which also comprise a polysaccharide as 
required in instant claim 509. It is well known that each nucleotide 
unit is a saccharide unit as in said claim 509. Page 53 of Maniatis et 
al. also discloses segments of the M13 DNA which are receptors for 
restriction endonuclease binding sites as also required in instant claim 
510. Page 52 of the reference cites the presence of a covalently 
attached polylinker segment which produces a detectable signal via 
insertions therein thus anticipating instant claim 522 etc. 
A. Claim 509 

Amended claim 509 now recites a polynucleotide sequence covalently 
attached to "a non-nucleotidyl saccharide" having up to 20 saccharide units. It is 



Enz-11(C2)(D1)(C2) 



Pergolizzi et al.; Serial No.: 08/479,995 (Filed June 7, 199b) 
Page 81 [(Amendment Under 37 C.F.R. §1.115) -- April 29, 2004] 



believed that the foregoing recitation regarding the saccharide being non-nucleotidyl 
materially distinguishes claim 509 from Maniatis et al. 

B. Claim 510 

Amended claim 510 now recites a polynucleotide covalently attached to a 
hormonal receptor. The further definition of the claimed receptor being hormonal in 
nature is believed to materially distinguish Applicants 1 invention from Maniatis et al. 

C. Claims 512-517 and 520-527 

Claims 512-517 and 520-527 are directed to a DNA molecule that includes a 
repetitive low complexity sequence. The Office Action asserts that claims 512- 
517 and 520-527 are anticipated by sequences disclosed on page 53 of Maniatis 
et al. 

The basis for this rejection is somewhat unclear. Maniatis et al. disclose a 
M13 vector with a polylinker that contains restriction sites. Maniatis et al. do not 
disclose that the polylinker includes a repetitive low complexity sequence. 
Restriction sites often include palindromic sequences, but persons in the art would 
not consider a palindromic sequence to be a repetitive low complexity sequence as 
set forth in amended claims 512-517 and 520-527. Moreover, claims 512, 524 
and 526 no longer recite a generic "sequence or segment of repeating low 
complexity." They now only recite specific repetitive low complexity sequences 
that are not disclosed in Maniatis et al. As such, Maniatis et al. do not disclose a 
polynucleotide with any of the particular low complexity sequences now recited in 
these claims. 

Applicants further respectfully point out that currently amended claim 512 
explicitly recites that the DNA molecule is "isolated." When the original claims 
were filed, the Patent Office did not typically require recitation of the term 
"isolated" in cases where it was obvious that the limitation was implicitly present 
in the claim. In view of a growing tendency by the Patent Office and the courts to 
read claims "super literally," Applicant believes that the intended meaning of the 
original claim is more accurately expressed today by explicitly reciting that the DNA 
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molecule is isolated. Support for such isolated DNA is implicit throughout the 
original claims and specification. 
D. Claim 522 

As amended above, claim 522 is directed to a circular DNA molecule 
covalently attached to a non-radiolabeled non-nucleotidyl signal generating moiety. 
The Office Action says that the polylinker of Maniatis et al "produces a detectable 
signal via insertions therein thus anticipating claims 522 etc." The inclusion of a 
non-nucleotidyl signal generating moiety in claim 522 represents a material element 
altogether lacking in Maniatis et al. 

In view of the foregoing remarks and the above amendments to the claims, 
Applicants respectfully request reconsideration and withdrawal of the first 
anticipation rejection. 

V. Prior Art -- Second Anticipation Rejection -- Langer et al. 

Claims 506, 509 and 510 stand rejected under 35 USC § 102(b) for 
anticipation by Langer et al. [PNAS 78(1 1) 6633 (1981)]. In the Office Action 
(page 6), the Examiner stated: 

Langer et al. discloses polynucleotides of DNA or RNA with 
biotin covalently attached which covalent attachment also results in 
antibody attachment which anticipates the above listed instant claims. 
Such an antibody is also a receptor for biotin binding as required in 
certain instant claims such as claim 510. See the entire document 
and especially page 6635, first column, second full paragraph. 
The second anticipation rejection is respectfully traversed. 
Applicants respectfully point out that the cited Langer et al. document does 
not disclose a polynucleotide sequence covalently attached to an antibody. 
Instead, Langer et al. disclose a biotin molecule covalently attached to a DNA 
molecule and an antibody that is noncovalently attached to the previously attached 
biotin molecule. To state it in another way, in Langer et al, biotin is not covalently 
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attached to an antibody. Biotin binds non-covalently to avidin. 4 Biotin and avidin 
bind to each other via ionic, polar and/or hydrogen bonds. 5 Because a non-covalent 
bond is always interposed between biotin and any antibody attached to avidin, the 
indirect attachment of biotin to the antibody on avidin cannot be characterized as 
covalent. As such, the antibody in Langer et al. cannot reasonably be construed to 
be covalently attached to a polynucleotide sequence as set forth in claim 506. 
Thus, Langer et al. lack a material element recited in claim 506, namely, an 
antibody that is covalently attached to a polynucleotide sequence. 

In view of the foregoing remarks and the clear lack of identity in material 
elements between the subject matter recited in claim 506 and Langer's disclosure, 
Applicants respectfully request reconsideration and withdrawal of the second 
anticipation rejection. 

VI. Claim Objections 

The Office Action rejects claims 507 and 528-531 for depending from 
rejected claims. As indicated in the opening remarks of this paper, these five 
claims have been rewritten in independent form, and thus, should be allowable. 

VII. Dependencies from Cancelled Claims 

Applicant has identified various dependent claims that, prior to this 
Amendment, depended from previously cancelled claims. These errors have been 
fixed by the amendments to the claims above, and include the following: 



4 See Langer et al, US Patent No. 4,711,955, col. 1, lines 44-47, col. 18, lines 19-21, previously 
cited of record in this application; see also Laitinen et al., "Chicken avidin-related proteins show 
altered biotin-binding and physico-chemical properties as compared with avidin," Biochem J . 
363 :609-17 (2002); see in particular the abstract on page 609. A copy of Laitinen et al. is 
attached as Exhibit 1 . 

5 See Weber et al., "Structural Origins of High-Affinity Biotin Binding to Streptavidin," Science 
243:85-88 (1989). A copy of Weber et al. is attached as Exhibit 2. 
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Currently amended claims 366, 370, 374, 375 and 379 now depend from 
claim 443 rather than from previously cancelled claim 363. 

Currently amended claims 384, 388, 392, 393 and 397 now depend from 
claim 444 rather than from previously cancelled claim 381 . 

Currently amended claim 402 now depends from claim 445 rather than from 
previously cancelled claim 399. 

Currently amended claim 408 now depends from claim 446 rather than from 
previously cancelled claim 405. 

VIII. Submission of Information Disclosure Statement 

Applicants and their attorney(s) are presently reviewing materials and files 
for the purpose of submitting art-related documents in an Information Disclosure 
Statement. As soon as any such documents have been located, their undersigned 
attorney will promptly submit them in an IDS. 

Favorable action is requested. 
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SUMMARY 



Amended in this paper are claims 283-294, 360-361, 366, 370, 374, 375, 
379, 384, 388, 392, 393, 397, 402, 408, 41 1-417, 434, 443-460, 464-475, 
479-487, 507, 512-514, 520-524, 526 and 528-531. No new claims are added. 
No fee is believed due in connection with the filing of this Amendment. If any fee 
is due, however, The Patent and Trademark Office is hereby authorized to charge 
the amount of any such fee to Deposit Account No. 05-1 1 35, or to credit any 
overpayment thereto. 

If the Examiner has any questions, he is invited to contact the undersigned 
attorneys. 



Hunton & Williams 
1900 K Street, N.W. 
Suite 1200 

Washington, D.C. 20006-1109 
Telephone: (202) 955-1500 
Facsimile: (202) 778-2201 

Enzo Biochem, Inc. 
527 Madison Avenue, 9 th Floor 
New York, NY 10022-4304 
Telephone: (212) 583-0100 
Facsimile: (212) 583-0150 




Respectfully Submitted 



Samson Vermont, Reg. No. 42,202 
Robert M. Schulman, Reg. No. 31,196 
Ronald C. Fedus, Reg. No. 32,567 
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Chicken avidin-related proteins show altered biotin-binding and 
physico-chemical properties as compared with avidin 

Olli H. LAITINEN*', Vesa P.'HYTONEN*, Mervi K. AHLROTH* Olli T PENTIKAINENt riara pa, i apupr. 



Chicken avidin and bacterial streptavidin are proteins familiar 
from their use in various (strept)avidin-biotin technological 
applications. Avidin binds the vitamin biotin with the highest 
affinity known for non-covalent interactions found in nature 
The gene encoding avidin {AVD) has homologues in chicken' 
named avidin-related genes {A VRs). In the present study we used 
the A V R genes to produce recombinant AVR proteins (AVRs 1 
2, 3, 4/5, 6 and 7) in insect cell cultures and characterized their 
biotm-binding affinity and biochemical properties. Amino acid 
sequence analysis and molecular modelling were also used to 
predict and explain the properties of the AVRs. We found that 
the AVR proteins are. very similar to avidin, both structurally 
and functionally. Despite the numerous amino acid substitutions 
in the subunit interface regions, the AVRs form extremely stable 
tetramers sinular to those of avidin. Differences were found in 
some physico-chemical properties of the AVRs as compared with 



avidin including lowered pi, increased glycosylation and, most 
notably, reverable biotin binding for two AVRs (AVR1 and 
AVR2). Molecular modelling showed how the replacement 
Lys -isoleucine in AVR2 alters the shape of the biotin-binding 
pocket and thus results in reversible binding. Both modelling and 
biochemical analyses showed that disulphide bonds' can form 
and hnk monomers in AVR4/5, a property not found in avidin 
These, together with the other properties of the AVRs described 
m the present paper, may offer advantages over avidin and 
streptavidin, making the AVRs applicable for improved avidin- 
biotin technological applications. 



Key words: avidin-biotin technology, biotin-binding protein 
molecular evolution, molecular modelling, structure-function 
relationship! 



INTRODUCTION 

Chicken avidin and bacterial streptavidin are known for their 
extraordinarily high affinity for a water-soluble vitamin, biotin 
11]. Owing to their high affinity and specificity for biotin avidin 
and streptavidin have been utilized in numerous applications in 
life sciences, including purification, labelling and targeting of 
various materials. The methodology has been collectively referred 
to as (strept)avidin-^biotin technology [1,2]. 

Avidin and streptavidin are tetrameric proteins consisting of 
four identical subunits. Their three-dimensional (3-D) structures 
have been solved by X-ray crystallography, and their tertiary and 
quaternary structures show astonishing similarity, despite rela- 
tively low amino acid sequence identity [3-6]. Most of the 
essential biotin-bmding residues are conserved, and the affinity 
toi -biotin is nearly identical in both avidin and streptavidin In 
addition to high biotin-binding capacity, avidin and streptavidin 
tetramers show remarkable stability at high temperatures, as well 
as under strongly denaturing conditions. The stability increases 
even more upon biotin binding [7-9]. 

There are, however, prominent differences in some biochemical 
properties of avidin and streptavidin. Streptavidin is not glyco- 
sylated and lacks cysteine residues capable of forming disulphide 



bridges, whereas avidin has a carbohydrate side chain and one 
intramolecular disulphide bond. Furthermore, the pi of strep- 
tavidin, is acidic (pi * 6) in contrast with basic in avidin 
(pi w 10.5) [10]. From the higher-order structural point of view 
the interfaces between the subunits are built somewhat differently 
in these two proteins. The striking similarity in some properties 
with simultaneous disparity in others, coupled with a long 
evolutionary distance between them, make avidin and strepta- 
vidin an ideal model system for studying the evolution of 
ugand-binding proteins. 

The avidin gene (AVD) in chicken has homologues called 
avidin-related genes (A VRs) [1 1-13]. The number of A VR genes 
seems to vary between individuals [14], but seven different 
genes, A VR1-AVR7, have been cloned and sequenced Two of 
the genes, A VR4 and A VR5, are 100 % identical in their coding 
sequence, exhibiting only a single nucleotide difference in their 
5 -flanking region, whereas the others are 94-99% identical to 
each other. The identity between A VD and the different A VRs 
ranges from 91 to 95% [12,13]. mRNAs for AVRJ, AVR2 and 
A VR3 have been detected in chicken under inflammatory 
conditions ([15]; P. Lappalainen, T. Kunnas, E.-L. Punnonen 
and M. S. Kulomaa, unpublished work), but it is not known 
whether they are expressed as proteins. The putative avidin- 
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related proteins (AVRs), as deduced from their nucleotide 
sequences, are 74-81% identical with avidin and 85-100% 
identical with each other. 

In our previous studies on the structure-function relationship 
of avidin, we employed a variety of different approaches to 
examine the extent to which amino acid residues of avidin can be 
mutated without affecting biotin binding and stability. One 
successful strategy has been to use an evolutionary approach. 
For example, we have engineered avidin according to the putative 
AVR. sequences to lower the pi of avidin down to 4.7, as well as 
to remove its N-glycosylation.site [16,17]. Also, the avidin-like 
domain of . sea-urchin fibropellins was used as a model to 
dissociate the avidin (and streptavidin) tetramer into stable 
dimers [18]. A structural approach was used in designing 
mutations to produce a monomeric avidin [19]. 

The successful use of AVR sequences as models to improve the 
properties of avidin encouraged us to perform a detailed analysis 
of the sequence variability in terms of modelled 3-D structures 
for the putative AVR proteins. The AVRs seem to be well 
conserved, with most of the biotin-binding residues preserved. 
However, they exhibit a number of amino acid replacements that 
may affect their physico-chemical characteristics as compared 
with avidin. The structural and functional properties of the AVR 
proteins are of considerable interest to new avidin-biotin tech- 
nology. 

EXPERIMENTAL 

Sequence comparison and molecular modelling 

The EMBL database accession numbers for the A VR genes used 
to deduce the corresponding amino acid sequences are as follows : 
A VR1, 221 61 1 M VR2, Z21 554; >1 VR3, Z21 612 ;A VR4, Z22883, 
AVR6, AJ23165S;AVR7, AJ237659. AVR4 represents also the 
identical AVR5, and we therefore use here the term AVR4/5. 
The AVR cDNAs were translated with the GCG software 
package program Map (Genetic Computer Group, Madison, WI, 
U.S.A.). The theoretical pi for the AVRs and avidin was deter- 
mined by using the GCG-package program Peptidesort. The 
comparison of the sequences of avidin and AVR1-AVR7 was 
performed using Malign [20,21] in the BODIL Modelling En- 
vironment (J. Lehtonen, V.-V. Rantanen, D.-J. Still and M. S. 
Johnson, unpublished work). Model structures of AVR1-AVR7 
were made using the rapid homology-modelling program 
HOMODGE in BODIL on the basis of the X-ray structure of 
chicken avidin in complex with biotin {Research Collaboratory 
for Structural Bioinformatics PDB (Protein Data Bank) code: 
lavd; [6]}. HOMODGE reduces errors in models of closely 
related proteins by using, as much as possible, atomic co- 
ordinates from the known structure to build the conserved main- 
chain and side-chain structures. Where the side chains differ, 
HOMODGE uses a rotamer library to select the side-chain 
conformation for optimal contacts. 

Production and purification of recombinant AVR proteins 

The A VRJ-4/5 genes [11,12] were cloned into the £coRI-//mdIII 
sites of pGEM4 and were in vitro transcribed and spliced using 
Ribomax and RNA Splicing System kits (Promega) according to 
the manufacturer's instructions. The cDNAs were then produced 
by reverse-transcription (RT)-PCR and further amplified by 
PCR using the oligonucleotide primers: AK33 <5'-CTGCTA- 
G ATCTATGGTGC ACGC AACCTCCCC-3 ') and AK44 (5'- 
GTTGCAAGCTTTGCGGGGCCATCCT-3') containing Bgdl 
and Hindlll restriction sites respectively. After cutting with 
BgM and HindUl, the AVR1-4/5 cDNAs were cloned into 



BamHl and Hindlll sites of pFASTBAC. For A VR6 and A VR7, 
cDNAs were produced by subcloning the corresponding genes 
[13] into pDsRedl (ClonTech) where the red-fluorescent-protein- 
encoding region had been removed, and by subsequent trans- 
fection of the constructs into NIH/3T3 cells. Total RNA was 
extracted from the cells using the SV Total RNA Isolation 
System (Promega), The AVR6 and AVR7 cDNAs were produced 
by RT-PCR (RobusT RT-PCR Kit; Finnzymes, Espoo, Finland) 
using, the oligonucleotide primers AK33 and AK44 to produce 
BgUl and Hindlll restriction sites to the 5'- and 3'-ends of the 
cDNAs respectively. The synthesized cDNAs were cloned into 
BamHl/ Hindlll-digssted pFASTBAC 1, the cloning vector for 
the Bac-To-Bac Baculovirus Expression System (Gibco BRL, 
Life Technologies, Gaithersburg, MD; U.S.A.). The nucleotide 
sequences of the cDNAs were confirmed by sequencing. The 
virus vectors for producing the AVR proteins were constructed 
and amplified according to the Bac-To-Bac system instructions. 
Recombinant AVR proteins were produced in Spodoptera 
frugiperda (Sf9) insect cells as previously reported [22]. Proteins 
were purified from the cells using affinity chromatography on a 
2-iminobiotin. (AVR1, AVR3, AVR4/5-7) and/or biotin- 
agarose column (AVR1 and AVR2) as previously described [18]. 
AVR2 was eluted from biotin-agarose with I M acetic acid 
and the eluted fractions were immediately neutralized with 
NaOH. The elution of AVR1 was achieved using 1 M HC1, 
followed by neutralization with Tris (1 g/ml). 

Biotin-binding analyses 

The biotin-binding characteristics of the AVR proteins were 
studied as previously described using the IAsys optical biosensor 
(Thermo Labsystems, Helsinki, Finland) [16,18]. Affinities were 
measured for 2-iminobiotin or biotin at 20 °C using a stirring 
power of 100%. Briefly, the protein in biotin-free buffer was 
allowed to bind to the biotin-coated surface of the IAsys cuvette. 
As a negative control, the protein was saturated with an excess 
of biotin prior to addition into the cuvette. Excess of biotin was 
also maintained during analysis. Under these conditions, binding 
to the biotin surface was regarded as unspecific and used as a 
measure of baseline variation. Steady-state equilibrium in the 
experimental cuvette was considered to be attained after no 
additional binding was detected as compared with the negative 
control. 

In order to study the reversibility of biotin binding, avidin and 
the AVRs were allowed to bind to a biotin-coated cuvette. After 
measuring the maximal binding (A) as described above, biotin- 
saturated (0.17 mg/ml) buffer was injected into the cuvette. The 
amount of protein remaining bound (B) was measured after no 
further dissociation was seen as compared with the negative 
control. The dissociation was measured for at least 20 min. The 
percentage reversibility was calculated as follows: 

Reversibility (%) = 100 x (A — B)/A 

A — B is the amount of liberated proteins after addition of biotin. 
Structural analyses 

The heat-stability of the AVRs was studied by using an 
SDS/PAGE-based method [23]. In this method, each protein 
sample was divided into two fractions, one of which was kept 
biotin-free and the other was supplemented with an excess of 
biotin. The samples were then mixed with denaturing SDS/ 
PAGE sample buffer (containing ^-mercaptoethanol) and in- 
cubated at a given temperature for 20 min. After heat treatment, 
the samples were subjected to SDS/PAGE and visualized by 
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Figure 1 Multiple sequence alignment of avidin (AVD) and the AVRs 

Dots indicate identical amino acids in AVRs as compared with avidin, and the two amino acid 
deletion in AVRs is indicated by dashes. Horizontal arrows designate the ^-sheets of avidin, 
and the vertical arrow indicates the cleavage site of the signal peptide in avidin. Biotin-binding 
residues are in bold in the avidin sequence, and the N-glycosylation site of avidin as well as 
the potential N-giycosylation sites of the AVRs are highlighted with grey. Cysteine residues are 
boxed. 



staining with Coomassie Brilliant Blue. The relative proportions 
of tetrameric and monomelic forms of the AVR proteins (with 
avidin as the control) were detected. A similar assay, with /?- 
mercaptoethanol omitted from the sample buffer, was performed 
to examine the presence of intersubunit disulphide bridges. 
Sensitivity to proteinase K was studied in both the absence and 
presence of biotin as described in [18]. The pi of each AVR was 
determined by isoelectric focusing as previously reported [16]. 
The glycosylation patterns of the AVR proteins were studied by 
treating the proteins with recombinant endoglycosidase H fused 
( r ) to maltose-binding protein (Endo H f ) and PNGase F (peptide: 
N-glycosidase F) as described in the manufacturer's (New 
England Biolabs) instructions. 

Immunological analyses 

In order to investigate whether the immunological properties of 
AVR proteins differ from those of avidin, an indirect ELISA 
analysis was utilized [24]. The wells of a 96-well plate were coated 
with avidin or AVR proteins (1 /ig/ml) in 50 mM sodium 
carbonate buffer at 37 °C for 2 h, followed by washing in 
PBS/Tween and blocking with 1 % BSA in PBS. ELISAs were 
performed using two monoclonal anti-avidin antibodies 
produced in one of our institutions (FIT Biotech), and a 
polyclonal rabbit anti-avidin antibody (produced at the Lab- 
oratory Animal Center,University of Oulu, Oulu, Finland) as 
primary antibodies. Goat Anti-Mouse IgG-alkaline phosphatase 
(Bio-Rad) or goat anti-rabbit IgG-alkaline phosphatase (Bio- 
Rad) was used as secondary antibodies, respectively. The used 
signal molecule was /Miitrophenyl phosphate (1 mg/ml) (Sigma). 
A i0S values were measured with an automated ELISA reader. 
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RESULTS 

Sequence comparison and molecular modelling 

The putative AVRs were compared with avidin to identify 
differences that might affect their biotin binding, structural or 
other biochemical properties. The biotin-binding residues are 
well conserved in all AVR proteins, showing only three amino 
acid changes (out of the 16 possible) (Figure 1). Three sequential 
residues involved in biotin binding (38^0; Thr-Ala-Thr in 
avidin) are replaced by Ala-Asp-Asn in all AVR proteins. With 
the exception of AVR7, the AVR proteins lack the glycosylation 
site (Asn 17 ) present in avidin. Instead, they all exhibit other Asn- 
Xaa-Ser/Thr sequences, which could be glycosylated during 
protein maturation along the secretion route. There is one 
common Asn-Xaa-Ser site in the L5 loop of all the AVR 
proteins. Additional Asn-Xaa-Ser/Thr sequences are distributed 
as follows : two in AVR1 (in strand 03 and in L3), one in AVR2 
(L3), one in AVR3 (j?8), two in AVR4/5 (L3 and /?8), and two 
in AVR6 and AVR7 {03 and y?8). The potential N-glycosylation 
sites of the AVRs are located on the surface of the tetramers and, 
therefore, they are expected to be glycosylated. 

The theoretical pi values for AVR3 and AVR4/5 are basic, 
similar to the pi of avidin (avidin, 10.4; AVR3, 10.2; and 
AVR4/5, 10.0). On the other hand, AVR1, AVR6 and AVR7 are 
■ neutral (pi 7.3), and AVR2 is calculated to be acidic with a pi of 
4 7. All AVR proteins, except for AVR2, have three cysteine 
residues (Figure 1). In AVR1, AVR3, AVR6 and AVR7, the 
third * extra * cysteine replaces Thr 60 of avidin located at the 



Figure 3 Model structure lor two monomers of AVR4/5 

Compared with the avidin structure, AVR4/5 has an additional cysteine .residue in each 
monomer located at the C-terminus (arrow). This dimer model, based on the avidin structure, 
would place these two cysteine residues in an ideal location to form a disulphide bond between 
the two monomers, but this extra disulphide bond would not prevent the formation of a tetramer 
similar to that seen for avidin. 




Figure 2 Re-organization of the subunit interlace where sequence differences at position 96 are located (in stereo) and the effect of sequence differences 
at position 111 on the orientation of the side chain of Trp"° 

The amino acid at oosition 96 is shown as a CPK (Corey-Pauling-Koltun) model and the surrounding amino acids are shown as baU-and-stick representations. (A) Met* (avidin and AVR4/5); 
I Lvs* aST(5 lrf" X AVR1 VvR3-7 ; (D) lie- (AVR2) as CPK models. Trp"° is drawn as sticks along with the solvent-access, ble (transparent sur e 
bai.-and biotin. Note in (D) the severe overlap between He- and Trp- that would force the reorientation of the tryptophan s.de cha.n, leadmg to weaker 

interactions with biotin and reduced binding affinity. 
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Figure 4 
cells 



Glycosylate of avidin and AVRs in baculovirus-infected insect 



Samples were either treated or non-treated with Endo H ( glycosidase followed by SOS/15%- 
(w v)-PAGE and staining with Coomassie Brilliant Blue. Avidin is denoted by 'A' and the 
di ferent AVRs byjheir corresponding numbers. ' M 1 indicates the low-molecular-mass markers 
{31, 21.5 and 14.4 kOa; Bio-Rad). Abbreviations: -u, not treated with enzyme; -t treated with 
enzyme. 



beginning of ft5. In AVR4/5, the 'extra'cysteine residue 
is close to the C-terminus of the protein where Arg 124 is found 
in avidin. 

The interface regions between different subunits show a 
variable number of amino acid substitutions between the AVR 
proteins and avidin (see [5,6] for the interface structures of 
avidin). The interface between subunits 1 and 2 (as well as 
between 3 and 4) is perfectly conserved in all of the AVRs In 
contrast, two out of three interface residues between subunits 
1 and 3 (2 and 4) show changes in all of the AVR proteins 
except for AVR4/5, which shows only one substitution 
(He ^tyrosine). Interestingly, the tightly interacting 1-4 (2-3) 
subumt interface shows several amino acid substitutions in all of 
the AVRs. In avidin, a total of 22 residues confer intersubunit 
contacts within this interface. The AVR proteins have nine 



substitutions in this region, seven of which are found in all AVRs 
and two in' all AVRs but AVR4/5 (Table 1). 

Most of the sequence differences in the subunit interface of 
avidin and AVR1-AVR7 would not interfere with tetramer 
formation. The- most critical sequence difference is located at 
position 96, where methionine in avidin and AVR4/5 is replaced 

AvL y ^ e ^ t VR1 " AVR3 and AVR6 ~AVR7. In avidin and 
AVR4/5, Met 96 interacts with Met 96 from a second monomer of 
the tetramer (Figure 2A). When Met 96 is replaced by the positively 
charged lysine residue, as seen " in AVR1-AVR3 and 
AVR6-AVR7, it would be logical to expect that charge repulsion 
interferes with the formation of the tetramer. However this does 
not seem to occur, but, instead, Lys 98 from monomer l'can form 
hydrogen bonds with the side-chain hydroxy group of Thr 113 
from monomer 4 and with the main-chain oxygen atom of 
Val lu from monomer 3 (Figure 2B). 

As compared with avidin, the biotin-binding pocket is highly 
conserved in AVR1-AVR7, where only minor changes in -the 
sequences - and therefore in the shape of the binding pocket - are 
observed. These changes are limited to the area surrounding the 
most flexible part of the biotin molecule, and thus biotin can 
easily compensate for these changes. The only exception occurs 
at position 111. In avidin, AVR1 and AVR3-AVR7 lysine is 
found at this position, whereas, in AVR2, isoleucine is present 
In the avidin crystal structure, the hydrophobic part of the lysine 
side chain interacts with the indole ring of Trp 110 keeping its 
position fixed (Figure 2C). The replacement of Lys 111 by the 
bulky isoleucine side chain would force the side chain of Trp uo 
either to bend towards the binding pocket (effectively blocking 
biotin entry to the . site) or away from the binding pocket 
(allowing the entry and exit of biotin into/from the site) (Figure 
2D). Trp uo is one of the most critical amino acids in the binding 
pocket, because it conforms exactly to the shape of biotin where 
the hgand is most rigid. The N-linked glycosylation site on L5 
although close to the biotin-binding site, is solvent-exposed. The 
asparagme that is glycosylated is not in the vicinity of the ligand 
whereas the serine side chain is hydrogen-bonded to the 
carboxylate group of biotin. When biotin is absent (for example 
during post-translational glycosylation) the serine side chain 
should be accessible to the glycosylating enzyme. 

All AVRs, with the exception of AVR2, contain a third single 
cysteine residue (in addition to the two present in avidin) located 
on the surface of the proteins. Since AVR2 does not have the 
extra cysteine residue, there is no reason to believe that AVR? 
could form tetramers in a way different from that by which 



Table 2 



Optical biosensor data for biotin and 2-iminobiotin binding for avidin and AVRs 



«TnS::;s rrisxs sr tisst using the ,Asys The vaiues ,or «* - «-» - - — 



Value 



Parameter 



AVD 



AVR1 



AVR2' 



AVR3 



AVR4/5 



AVR6 



AVR 7 



* d (M)J 
(M)§ 

Reversibility (%) 



{1.7±1.3)x10" fl * 
(2±0.9)x1<T 8 ' 
{1.6 ±0.7) x.10 4 
(3.1 ±1.4) x 10" 4 
1+1 



(1.0±0.8)x1O" 7 t 
{4.4±1.9)x1(T a t 
{5.5±1.5)x10 4 
(2.4 + 0.8) xlO" 3 
18 + 10 



(1.7±1.5)x10- 6 t 
{5.2±1.7)x10~ 8 t 
(1.8±0.1)x10 4 
(4.6 + 1.1) xiO -3 
94 + 3 



Measured in a 2-iminobiotin cuvette, 
t Measured in a biotin cuvette. 

X Dissociation constants were calculated from the equilibrium-response data ■ 
§ The dissociation constants were calculated directly from the binding curves. 



<to~ 

NO 
ND 
NO 
3 + 2 



(5.7 + 2.5) x10 -7 * 
(9.1 +3.6)x10- fl * 
(1.8 + 0.2)x10 5 
(1.7 + 0.7)x10- 3 
2 + 2 



<10~ a t 
ND 
NO 
ND 
5 + 3 



(4.5 ±6.2) 10" 9 t 
NO 

(1.8 ±0.2) x 10 5 
NO 
3±3 
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Figure 5 (A) Binding curves for 2-iminobiotin binding by AVR4/5 at different concentrations, and (B) an example ol an lAsys reversibility experiment 

(A) The first 500 s were used to calculate * ass . The equilibrium state was obtained after measurement for about 1 h, depending on the concentration. The maximal binding (/^J for the highesi 
concentration was approx. 1000 arc-s. Note: 2,2 = 2.2 (etc.). (B) The protein was allowed to bind on to a biotin-aminosilane cuvette. After reaching equilibrium, the cuvette was washed and 
dissociation was measured. A surplus of free biotin was added and the measurement continued to' achieve steady state. The cuvette was washed again. The values measured after binding and 
dissociation, and after biotin treatment and second washing step, were used to define the reversibility of the biotin binding. In this particular experiment, the reversibility was practically 0% tor 
AVR6 and 100% for 



avidin does. The model structure for AVR4/5 (Figure 3) places 
the additional cysteine residue at position 124 (avidin 
numbering), close to the C-terminus. It is logical to expect two 
monomers to optimize their domain-domain interactions by 
forming a disulphide-bond between these unpaired cysteine 
residues (arrow in Figure 3), which, in the model structure of 
AVR4/5, are located near each other. The presence of an 
intermonomer disulphide bond at this location is not expected to 
interfere with tetramer formation. However, in AVR1, AVR3, 
AVR6 and AVR7, the extra cysteine residue is located in L4 at 
position 60 (avidin numbering), where it is impossible'to form an 



extra disulphide bond between subunits without severely 
disturbing tetramer formation. 

Protein expression and purification 

The AVR proteins were successfully produced in Sf9 insect cells. 
However, all AVRs showed different patterns on SDS/PAGE as 
compared with avidin [22] (Figure 4). One-step 2-iminobiotin 
(AVR1, AVRs 3-7) -and/or biotin (AVRs 1 and 2) -agarose 
affinity chromatography yielded highly homogenous proteins 
showing no contaminants as judged by SDS/PAGE analysis. 
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Figure 6 Non-reducing SDS/PAGE of avidin (AVD), AVR2 and AVR6 at 90 
and 100 °C 

The tetrameric, dimeric and monomeric forms are indicated with bars on the riqht side of the 
Figure. - 



Table 3 Comparative thermostability of avidin and AVRs under non 
reducing conditions n 

Sh cno/ b D e lr W c are ? e felatiVe pr ° P0rti0nS 0f di,ferent oli90meric forms « AVRs and avidin (AVD) 
in SOS/PAGE under non-reducing conditions, boiled 20 min before loading on to the get Note 
the presence of dimeric forms in the case of AVR1 and AVR3-7. 

Relative proportion of oligomeric forms (%) 



Form AVD AVR1 AVR2 AVR3 AVR4/5 AVR6 AVR7 



Tetrameric - 
Dimeric 

Monomeric 100 



20 
40 
40 



100 



50 
50 



50 
50 



50 
50 



20 
80 



Ta ?lf t «?^ Ql ? nBl an,i " avidin an,ibod Y and polyclonal rabbit anti-avidin 
antibody ELISAs for avidin (AVD) and AVRs 

The values are means of two independent measurements of >1 405 nm, after 60 min colour 
reaction. 3 



Biotin-binding properties 

In the reversibility assay, AVRs 3-7 showed totally irreversible 
biotin binding, similarly to avidin. In contrast, AVRl exhibited 
18 and AVR2 93 % reversibility following addition of free biotin 
(Table 2). The actual dissociation constants (K a ) were calculated 
for the AVRs. according to the k w (association) and k ai 
(dissociation) rate constants measured in a separate assay "at 
different protein concentrations (varying between 10/fM and 
5 nM) (Table 2 and Figure 5). The binding seemed to follow 
second-order or even more complex kinetics. However, the first 
1000 s of the binding fitted rather well to the biphasic curve. All 
measured k dlss values followed the first-order kinetics. Because of 
the extremely high binding, affinities of the AVRs for biotin 
could not be determined except for AVRl, AVR2 and AVR7. 
Binding to 2-iminobiotin was determined only for AVR4/5 and 
it was similar to that of avidin. The lack of binding for the other 
AVRs was surprising, since most of them were purified using 
2-iminobiotin-agarose. This may be due to the relatively 
short linker between 2-iminobiotin and the activated group of 
the lAsys cuvette that did not allow the 2-iminobiotin to 
penetrate deep enough into the biotin-binding pocket of the 
other AVRs. 



Structural analyses 

All AVRs exhibited heat-stability comparable with avidin in a 
reducing SDS/PAGE assay (results not shown). In the absence 
of biotin, AVR tetramers began to dissociate into monomers at 
around 60 °C. In the presence of biotin, a portion of AVRs 
remained tetrameric even upon boiling. Non-reducing SDS/ 
PAGE showed that AVRl and AVRs 3-7 have a tendency to 
form dimers. Under reducing conditions, only tetramers and 
monomers could be discerned. This result suggests that the 
dimers are cross-linked via disulphide bridges (stable enough to 
hold the dimers together under non-reducing conditions) and are 
slowly degraded into monomers by heat (Figure 6 and Table 3). 
The shift from a fully tetrameric state into a -dimeric and 
monomeric state was detected upon raising the temperature 
gradually. AVR2 is an exception, since it disintegrated directly 
into monomers, similarly to native avidin. 

The AVRs also showed remarkable resistance against pro- 
teolysis. In the presence of biotin, all AVRs remained intact after 
16 h of proteinase K treatment. Proteolysis occurred, albeit 
slowly, in the absence of biotin. Taken together, AVRs showed 



Antibody 



AVR1 AVR2 AVR3- AVR4/5 AVR6 AVR7 AVD 



Monoclonal anti-avidin 

.Clone 1 o 

Clone 2 ■ 0 

Polyclonal anti-avidin 0.22 



0 0 - 0 
0 0 0 

0.02 0.16 



0.40 



0 0 0.66 
0 0 0.64 

0.38 0.35 0.82 



stability similar to, or even greater than, that of avidin (results 
not shown); 

The multiple bands observed for the AVRs in SDS/PAGE 
were found to be differently glycosylated forms. Treatment with 
Endo H f (Figure 5) and PNGase F (results not shown) eliminated 
. the higher-molecular-mass bands. The number of putative gly- 
cosylate sites seems to correlate well with the observed 
glycosylation patterns. Preliminary deglycosylation results using 
non-denaturing conditions suggest that N-glycan is attached to 
the. glycosylation site in L5 in AVRs 1,2,4/5 (not shown). 
Isoelectric focusing showed that the pi values for the AVRs were 
approximately the same as expected from theoretical calculations, 
namely % 7 for AVRs I, 6 and 7, % 5 for AVR2, and « 10 for 
AVRs 3, and 4/5. 

Immunological analyses 

Polyclonal rabbit anti-avidin antibody recognized AVRs 4/5-7 
more weakly than it did avidin. Furthermore, the recognition of 
AVRs 1 and 3 was even more diminished, and AVR2 was 
not recognized at all. The two monoclonal anti-avidin antibodies 
tested did not recognize any of the AVRs (Table 4). 

DISCUSSION 

The motivation for the present study was basically bipartite. 
First, we wanted to produce recombinant AVR proteins to 
examine their biochemical and functional properties, such as 
biotin binding, stability and immunological properties. Ad- 
vantageous properties might be utilized to improve the current 
(strept)avidin-biotin technologies. Secondly, we wanted to reveal 
in detail the structural basis for the differences between avidin 
and the AVRs, which was addressed by careful sequence and 
modelling analyses. 
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Despite the relatively high primary sequence conservation 
[25-27] (Figure 1), there are interesting amino acid substitutions 
that make the physico-chemical properties of AVRs different 
from those of avidin. For example, the present study showed 
that the pi of some AVRs is neutral or even acidic, in contrast 
with the basic pi of avidin, and their glycosylation patterns also 
differ. Furthermore, differences in biotin binding were observed, 
regardless of the fact that almost all of the amino acid residues 
important for biotin binding in avidin [5] and streptavidin [3] are 
conserved in the AVRs. In previous studies, we have used the 
AVR sequences as models for lowering the pi of avidin [16] and 
to produce non-glycosylated avidin [17]. All of the pi-mutants, as 
well as the non-glycosylated avidins, bind biotin with high 
affinity and form stable tetramers. Therefore differences in pi or 
the lack of glycosylation at positions corresponding to residue 17 
in avidin were not expected to affect biotin binding and tetramer 
formation of the AVRs. Consequently, the observed differences 
must be based on as-yet-unknown features that, while affecting 
biotin binding, do not impede tetramer stability. 

Three biotin-bonding residues in loop L3 are altered in AVRs 
when compared with avidin. Two of these hydrogen-bonding 
interactions could be maintained despite having differing side 
chains at these positions in the AVRs. However, the hydrogen 
bond to biotin from the side chain of Thr 38 in avidin [5] is most 
likely lost when the threonine residue is replaced by alanine. By 
comparison, streptavidin shows only one hydrogen bond to 
biotin in loop L3 [3,4]. Therefore the differences in L3, including 
the presence of additional carbohydrate on some of the AVRs, 
may not be detrimental for biotin binding. The greatest functional 
differences were observed for AVR2, where binding to 2- 
iminobiotin was totally abolished and binding to biotin was 
virtually reversible. This result is in good agreement with the 
modelling results that suggest that the conversion of Lys 111 into 
isoleucine would alter the shape of the binding pocket. 

The most interesting glycosylation site found in AVRs is 
located in L5. Residues of this loop, including the hydrophobic 
residues Trp 70 and Phe 72 , as well as two hydrogen-bond-forming 
serine residues, contact biotin. However, AVR4/5 also has a 
glycosylation site located in L5, and still exhibits 2-iminobiotin 
binding as high as that shown by avidin. Therefore it seems that, 
in itself, glycosylation at this site does not affect biotin binding. 
The contribution of glycosylation to the reduced biotin bind- 
ing seen in the other AVRs cannot be ruled out. Additional carbo- 
hydrate may also explain why none of the AVRs were recognized 
by the monoclonal anti-avidins antibodies: the epitope(s) could 
be masked by the sugar moieties in the AVRs. 

Another structurally interesting feature of the AVRs (except 
for AVR2) is the third cysteine residue. The non-reducing- 
SDS/PAGE results, as well as molecular modelling, suggest that 
this extra cysteine residue forms an intermonomeric disulphide 
bridge, leading to SDS/PAGE patterns consistent with dimer 
formation. Cross-linking of monomers is most likely to occur in 
AVR4/5, In contrast, other cysteine-bearing AVRs either form 
bigger aggregates or their quaternary structures are different 
from that of avidin. Their inability to bind 2-iminobiotin in 
IAsys analyses may reflect the presence of such structural 
differences. 

A His 127 -»■ aspartate mutation introduced into the subunit 
interface of streptavidin prevented tetramer formation through 
charge repulsion [28]. Mutation of all of the residues at the 1-3 
(and 2-4) interface of avidin into alanine residues also showed 
that the stability of the resultant mutant was reduced [19]. 
However, the Met 96 -+ lysine substitution does not appear to 
interfere with tetramer formation in the AVRs, but may function 
to stabilize the tetramer (Figure 2). At the large 1-4 (and 2-3) 



interface, the substitution of Asn 54 and Asn 69 by histidine residues 
is especially interesting [5,13], The two asparagine residues 
participate in a network of ten hydrogen bonds in avidin [5] at 
both ends of the 1-4 (2-3) dimer. Thus these two residues are 
involved in networks of 20 hydrogen bonds between subunits 1 
and 4 (and 2 and ,3) [18]. However, histidine is also capable, of 
forming hydrogen bonds and may functionally substitute for 
asparagine. 

There are several possible explanations for the stability of the 
AVRs. Substitutions at the 1-4 (2-3) interface can be comp- 
lementary ; while an amino acid change in one subunit decreases 
the interface affinity, the coincident mutation in the other subunit 
may restore it. Bogan and Thorn [29] have introduced a 'hot 
spot ' model for interface contacts, where they propose that the 
free energy of interface binding is not evenly distributed, but is 
concentrated at hot spots consisting of small subsets of residues. 
A hot spot contains energetically important key amino acids 
(commonly hydrophobic) surrounded by energetically unim- 
portant residues (called 'O-ring' residues), whose effect is to 
exclude bulk solvent from the hot spot. Thus the energetically 
less important residues may be mutated frequently without 
causing major effects on interface affinity and stability. Fur- 
thermore, water molecules often play an essential role in 
protein-protein interactions [30]. The conversion of bulky 
charged or polar residues into smaller ones may result in a 
situation where a water molecule functions to bridge the hydrogen 
bond previously formed directly between the bulky residue and 
its counterpart. Therefore the subunit interfaces of the AVRs can 
tolerate mutations within the O-ring zone, and some substitutions 
may allow water molecules in the interface without seriously 
affecting interface affinity. 

Avidin is generally thought to act as an antimicrobial agent by 
depriving invading micro-organisms of biotin. It is therefore 
possible that the different AVRs exist to broaden the range of 
host defence. Recently, Zerega and co-workers [31] found that 
avidin is expressed in skeletal muscle and growth plate hy- 
pertrophic cartilage of the developing chicken embryo. This 
finding, together with their in vitro results suggest that by 
interfering with fatty acid metabolism avidin assists the terminal 
differentiation of chondrocytes and myoblasts. Similarly, the 
fibropellins expressed during ontogenesis of sea urchins contain 
a domain similar to that of avidin [32,33]. Fibropellins may form 
dimers or higher-order oligomeric structures and thereby pro- 
mote protein-protein interactions during embryogenesis. The 
AVRs in chicken may offer comparable oligomeric scaffolds for 
embryonic development and/ or host-defence functions. 

In conclusion, the recombinant AVRs are functional and shov 
interesting physico-chemical properties. These new biotin binders 
may provide advantages over avidin and streptavidin in several 
applications [34]. For example, AVR2 could be used in affinity- 
purification protocols that require mild elution conditions. 
Nonetheless, further analyses are required to solve the quaternary 
structures, precise glycosylation compositions and immuno- 
logical properties of the AVRs in detail. 
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Egg albumin (Sigma) and Pertussis (Connaught Lab- 
oratories) were administered according to protocol 
described in M. H. Perdue, M. Chung, D. G. Gall, 
Gastroenterology 86, 391 (1984). 
I S. J. King et a/., Eur. J. Immunol 16, 151 (1986); S. 
J. King and H. R. P. Miller Immunology 51/653 
(1984). 

K. J- Bloch et aL, Gastroenterology 77, 1039 (1979); 
E. Jarrctt and H. Bazin, Nature 251, 613 (1974); 
Clin. Exp. Immunol. 30, 330 (1977). . 
^ Animals were removed from the colony room and 
placed in plastic cages inside concrete-encased 
(soundproof) cabinets. A light flashed at an alter- 
ation rate of 300 ms, and background noise was 
provided by ventilation fans. The AV CS was based 
on that used by G. MacQucen and S. Siegel (Behav. 
Neurosci.y in press). 

An enzyme- linked immunosorbent assay (ELISA) 
for detecting RMCP II was modified from Miller et 
al.(7). Rats were anesthetized with ether, and blood 
was obtained from the rctro : orbitai plexus. Sera 
were collected and stored at -20°C. The wells of a 
tissue culture microti tre plate (Nunclon Delta) were 
coated with 0.5 mg of RMCP II per milliliter of a 
0.2M carbonate buffer, pH 9.6. Samples and stan- 
dards were diluted in PBS containing 0.3% w/v 
bovine serum albumin, 0.02% v/v polyoxycrhylenc- 
sorbitan monolaurate (Tween 20), and 0.02% w/v 
sodium azide and incubated for 16 to 24 hours with 
a diluted specific rabbit antiserum to RMCP II 
(anri-RMCP II) from which all activity against 
RMCP I had been removed by immunoabsorption. 
After extensive washing, of the plates, 100 pJ of 
samples and standards were placed in duplicate wells 
and incubated for 16 to 24 hours. Plates were again 
washed several times and rabbit antibody bound to 
the plate was detected with an alkaline phosphatase 
conjugated goat to rabbit antibody (ICN) and a 
sodium-p-nitrophcnyl phosphate substrate (Sigma). 
Results were calculated on the basis of a standard 
curve constructed with the use of known concentra- 
tions of purified RMCP H. Antibodies to RMCP II 
were raised in rabbits with purified RMCP II. 
Antiscra were absorbed twice with RMCP I cova- 
Icndy attached to Sepharosc 4B. The final prepara- 
tion showed strong binding to RMCP H on immu- 
noblot analysis, with a weak cross- reaction to 
RMCP I, and no detectable binding to cathepsin G. 
The specificity of this assay was confirmed with 
homogenates of tongue tissue known to contain 
high levels of RMCP I, but no RMCP II. Although 
there was some binding to RMCP I on the immuno- 
blot, no binding was detected in the liquid phase. 
15. Morphological studies have shown the presence of 
mast cells in peripheral nerves [Y. Olsson, Acta. 
Neurol. Scand. 47, 357 (1971)] and autonomic 
ganglia [G. Gabclla, Structure of the Autonomic Nervous 
System (Chapman and Hall, London, 1976)], a 
consistent ultras tructural relationship between mu- 
cosal mast cells and nerves in normal and nematodc- 
infected rat lamina propria was detected [R. H. 
Stead, Proc. Nad. Acad, Sci. U.S.A. 84, 2975 
(1987)]. 

Substance P causes release of histamine from mast 
cells in vitro [F. Shanahan et al. y J. Immunol. 135, 
1331 (1985); O. Hagcrmark, T. Hockfclt, B. Per- 
now, J. Invest. Dermatol. 71, 233 (1978)], and mast 
cells and substance P containing nerves may be 
involved in the vasodilatory response to noxious 
stimuli [J. C. Foreman and C. C. Jordan, J. Physiol. 
238, 58 (1982)]. 

Evidence has also supported a role for functional 
nerve-mast cell interactions. A. R. Lcff et at. [J. 
Physioi 136, 1066 (1986)] demonstrated that vagal 
stimulation causes enhanced histamine release from 
mast cells after antigen challenge, and a decrease in 
mast cell granularity has been shown after electrical 
field stimulation [T. Bani-Sacchi et a/., J. Physiol. 
371, 29 (1986)].. Studies of hypersensitivity reac- 
tions in the gut and lung indicate a neural compo- 
nent in the changes in epithelial ion transport in- 
duced by antigen [Y. Harari et ai y J. Immunol. 138, 
1250 (1987); sec M. H. Perdue in {10)]. 
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Structural Origins of High-Affinity Biotin 
Binding to Streptavidin 

Patricia C. Weber, D. H. Ohlendorf, J. J. Wendoloski, 
F. R. Salemme* 

The high affinity of the noncovalcnt interaction between biotin and streptavidin forms 
the basis for many diagnostic assays that require the formation of an irreversible and 
specific linkage between biological macromolecules. Comparison of the refined crystal 
structures of apo and a streptavidin: biotin complex shows that the high affinity results 
from several factors. These factors include the formation of multiple hydrogen bonds 
and van der Waals interactions between biotin and the protein, together with the 
ordering of surface polypeptide loops that bury the biotin in the protein interior. 
Structural alterations at the biotin binding site produce quaternary changes in the 
streptavidin tetramer. These changes apparently propagate through cooperative defor- 
mations in the twisted (J sheets that link tetramer subunits. 



STREPTAVIDIN IS A TET RAM ERIC PRO- 
tein (molecular weight = 4 x 15,000) 
isolated from the actinobacterium 
Streptomyces auidinii (1). Streptavidin, and 
the homologous protein avidin, are remark- 
able for their ability to bind up to four 
molecules of d-biotin with unusually high 
affinity [dissociation constant K d = 10~ l5 M 
(1, 2)]. Although these proteins may func- 
tion as antibiotics that deplete the environ- 
ment of the essential vitamin biotin, they 
have been studied primarily as paradigms for 
understanding high-affinity protein-ligand 
interactions (2). At the same time, the ability 
of streptavidin and avidin to bind deriva- 
tized forms of biotin has led to their wide- 
spread use in diagnostic assays that require 
formation of an essentially irreversible and 
specific linkage between biological macro- 
molecules (3). We undertook the structure 
determination of streptavidin, with and 
without bound biotin, to uncover the ori- 
gins of high affinity of the protein for biotin. 

Streptavidin was obtained from several 
commercial sources and produced different 
crystal forms during the course of the study. 
The most consistent results were obtained 
with a fragment of the native 159-residue 
streptavidin chain, incorporating residues 
13 through 133. Numerous studies indicate 
that this truncated form of the molecule 
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binds biotin with an affinity that is the same 
or similar to alternative longer versions of 
the protein. Moreover, in some cases it 
appeared that preparations identified as full- 
length material crystallized isomorphously 
with the truncated fragment, suggesting 
that the molecular terrninii may be relatively 
flexible or disordered. Crystallization condi- 
tions for apostreptavidin and its biotin com- 
plex were found by robotic grid search 
methods (4). Both formed crystals from a 
polyethylene glycol-LiCl mixture, although 
the streptavidin: biotin complex crystallizes 
at pH 7.8 [space group I4 { 22, a = b = 99 A 
A, r = 125.8 A (5)], whereas apostreptavi- 
din crystallizes at pH 2.4 [space group 
/4,22, = 58.3 A, c = 172.5 A], Unit 
cell parameters of truncated apostreptavidin 
are similar to those reported by Pahler et ai 
(6), although the crystals studied here grow 
at lower pH, and diffract to higher resolu- 
tion {d min = 1.7 A). 

The structure of apostreptavidin was de- 
termined by multiple isomorphous replace- 
ment techniques. X-ray diffraction data for . 
parent crystals and several isomorphous. re- 
placement derivatives were collected using a 
multiwire area detector and processed with 
the Xengen data-reduction package (7). Suc- 
cessful derivatives included K 2 Pt(SCN) 6 , 
which was prepared by soaking crystals in 
the heavy metal solution, and an iodine 
derivative prepared by crystallizing protein 
after reaction in solution (#). Substitution 
sites were located by an automated search 
procedure (P) performed on the heavy atom 
difference Patterson maps. Phases were ob- 
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taincd after refinement of heavy atom posi- 
tions by the origin-removed different Patter- 
son method (10) and used to compute a 2.6 
A resolution electron density map (J J). 

The electron density map was interpreted 
with the graphics program FRODO (12). 
Identification of several Trp and other large 
residues allowed an initial ct-carbon back- 
bone trace and sequence assignment to be 
made for —70% of the structure, organized 
primarily as antiparallel (3 sheet. A partial 
atomic model was constructed from the a- 
carbon trace with the use of fragment super- 
position (13) from a database of refined 
protein structures (14). Complete backbone 
fragments that best fit the a-carbon trace 
were incorporated into the model. Side 
chains were positioned by displaying possi- 
ble rotamers for each amino acid from a 
library (IS) and bv including coordinates for 
the rotamer that best fit the electron density. 
Phases computed from the partial model 
were combined with the multiple isomor- 
phous replacement phases and used to gen- 
erate an improved electron density map 
whose interpretation defined the remainder 
of the molecular structure. The structure 
was refined with the restrained least-squares 
method of Hendrickson and Konnert (16) 
and manual rebuildings in electron density 
maps. Although the refinement proceeded 
smoothly, two surface loops lacked defined 
density and appeared disordered in the final 
structure. The crystallographic ^-factor for 
apostreptavidin, including residues 13 to 
46, 49 to 63, and 69 to 133, as well as 
33 water molecules, is 0.21 for 11,120 re- 
flections [F observcd > CT(F obscrved )] between 
5.0 and 1.8 A resolution. 

The structure of the stxeptavidin: biotin 
complex was solved with the use of symme- 
try-constrained searches of the complex unit 
cell with the apostreptavidin tetramer (17). 
Apostreptavidin crystallizes with a mono- 
mer in the asymmetric unit, so that subunits 
of the tetramer are related by crystallograph- 
ic dyad axes. Since tetramers in the noniso- 
morphous crystals of the streptavidinrbiotin 
complex could also pack with subunits relat- 
ed by crystal symmetry, we searched that cell 
using the apostreptavidin tetramer as the 
probe molecule (18). A maximum correla- 
tion coefficient of 0.56 was obtained for 
1363 intensities between 4 and 5 A resolu- 
tion when the streptavidin tetramer was 
positioned at the origin of the streptavidin: 
biotin complex unit cell with all three of its 
dyad axes coincident with the crystallo- 
graphic dyad axes. This result shows that 
both apo and liganded forms of streptavidin 
are tetramers with subunits related by 222 
point group symmetry. The initial crystallo- 
graphic ^-factor for apostreptavidin posi- 
tioned in the biotin:streptavidin unit cell 




was 0.41 for data from 5.0 to 2.6 A resolu- 



tion. 

The structure of the streptavidin: biotin 
complex was refined by a combination of 
conventional restrained least-squares meth- 
ods and crystallographically constrained mo- 
lecular dynamics. The molecular dynamics 
refinement protocol essentially followed 
previous work (19), but was implemented in 
our laboratory by combining features of 
AMBER (20), PROLSQ (16), and 
PROFFT (21). The crystallographic £-fac- 
tor of the streptavidin: biotin complex, in- 
cluding all residues between sequence posi- 
tions 13 and 133, biotin, and nine water 
molecules, is 0.22 for 7379 reflections with 
^observed > cr(^obscrvcd) between 5.0 and 
2.6 A resolution [coordinates will be depos- 
ited in the Brookhaven Protein Data Bank 

Streptavidin subunits are organized as 
eight-stranded, sequentially connected, anti- 
parallel p sheets. The sheets are formed of 
coiled polypeptide chains with a staggered 
pattern of adjacent strand hydrogen-bond 
registration (22). This arrangement pro- 
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Fig. 1. Streptavidin structure. (A) Cartoon sequentially showing the p sheet folding pan of the 
hydrogen-bonded dimcr, the apostreptavidin structure, and changes upon biotin binding These 
changes include ordering of two loops (shown dashed) incorporating residues 45 to 50 and 63 to 69 
(B) Stereoview of a streptavidin subunit with biotin bound, showing 0 barrel hydrogen bonds as thin 
Unes. Residues 13 through 133 form an eight-stranded antiparallel 0 sheet wrapped as a slightly 
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duces a cyclically hydrogen-bonded barrel 
with several extended hairpin loops, includ- 
ing one near the carboxyl terminus whose 
edge is free to form a more extended 0 sheet 
(Fig. 1). Pairs of streptavidin barrels hydro- 
gen bond together at this free edge to form 
symmetric dimers that resemble basketball 
nets connected by their rims at a 45° angle. 
The naturally occurring streptavidin tetra- 
. mer is formed by interdigitating a pair of 
dimers, with their dyad axes coincident, to 
produce a particle with 222 point group 
symmetry. The tetramer is stabilized by ex- 
tensive van der Waals interactions between 
the subunit barrel surfaces, which have com- 
plementary curvatures (Fig. 2). 

Biotin binds in pockets at the ends of each 
of the streptavidin (3 barrels (Fig. 1). The 
residues lining the pockets are primarily 
aromatic or polar amino acids or both. 
These groups are solvent exposed in apo- 
streptavidin so that several water molecules 
occupy the biotin binding site. Biotin bind- 
ing involves displacement of bound water, 
formation of multiple interactions between 
biotin heteroatoms and the binding site ; ». 
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jgidues, and burial of the biotin through 
ordering of a suface loop (residues 45 to 50) 
^at is disordered in apostreptavidin. Polar 
ipteractions made between biotin heteroat- 



oms and the protein include (i) an extensive 
pattern of hydrogen bonds with the biotin 
ureido group, where no less than five pro- 
tein residues form associations; (ii) a possi- 
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Fig. 2. Stereoviews of the streptavidin tetramer. (Top) Tetramer with bound biotins (backbone atoms), 
viewed along dyad symmetry axis relating hydrogen-bonded subunits (hydrogen bonds in red). 
(Bottom) Hydrogen-bond circuit representation of the tetramer, as defined by sheet hydrogen bonds 
and backbone amide group atoms. This representation emphasizes the continuity of the interactions 
that distribute forces throughout the barrels and across the subunit dimer axes. 




Fig. 3. Biotin binding site. (A) Biotin electron 
density from final (2F Q - F^ct^c 2.6 A electron 
density map. (B) Biotin interactions. One indole 
ring (open bonds) is contributed by Trp 120 from 
the symmetry-related, hydrogen-bonded dimer. 
Residues shown include: Asn 23 , Gin, Leu, Gly, 
Ser 27 ; Tvr 43 , Glu, Ser, Ala, Val, Gly, Asn 49 ; Trp 7 *; 
Ser 88 , Ala, Thr, Thr, Trp 92 ; Trp 1 ™ Leu, Leu 110 ; 
Asp 128 ; and Thr 129 . Some side chains are omitted 
for clarity. Dashed lines show the hydrogen- 
bonding pattern for residues that interact with 
biotin heteroatoms. The valeryl oxygens of biotin 
hydrogen-bonded to the backbone NH of 
Asn 49 and O7I of Ser 88 , respectively. The Thr 90 
S[ de chain oxygen is near the biotin sulfur and 
Trp 79 Nel. Ser 43 Oyl interacts with one biotin 
u rcido NH (upper) and the backbone NH of 
Val 47 . The other biotin ureido NH (lower) is 
Jtydrogen- bonded to a carboxyl oxygen of Asp 128 . 
Jhe Asp 128 side chain oxygens form additional 
factions with Trp 92 Nel, Trp 108 Nel, and 
Gin 24 Nel. Three side chain atoms, Tyr 43 OH, 
W 3 N5H, and Ser 27 OH, are situated to hydro- 
Sen bond with the biotin ureido oxygen. The OH 
; °f Ser 27 is also hydrogen- bonded to Ala 46 NH, 
f JJd Asn 23 051 interacts with Leu 25 NH. Note 
jjtat residues forming hydrogen bonds with biotin 
$cido oxygen are themselves stabilized by orient- 
|?g hydrogen bonds to backbone NH groups. 
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ble interaction between biotin sulfur and the 
hydroxyl group of Thr 90 ; and (iii) hydro- 
gen-bonded interactions with the valeryl 
carboxyl group that includes a hydrogen 
bond from the backbone NH of Asn 49 , 
which becomes ordered on biotin binding 
(Fig. 3).- Several other residues lining the 
binding site are immobilized by hydrogen 
bonds, which are formed in many cases with 
the same residues that hydrogen bond to 
biotin. These include Trp residues 79, 92, 
and 108 that pack around the biotin tetrahy- 
drothiophene ring, and which, together 
with Trp 120 from the cyad- related subunit, 
form a hydrophobic biotin binding site. As a 
result of this extensive pattern of interac- 
tions, resulting in part from the ordering of 
loop 45 to 50, bound biotin is essentially 
buried in the complex with only the valeryl 
carboxyl oxygens partially accessible to sol- 
vent. 

Experimental studies of the binding of 
biotin analogs to avidin, a tetrameric protein 
from avian egg white that shares 38% se- 
quence identity (23) with the crystallograph- 
ically defined streptavidin, suggest that in- 
teractions made with the ureido ring system 
predominate in stabilizing the biotin-pro- 
tein complex (2). An unusual aspect of the 
interaction involves participation of the bio- 
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tin ureido group in an extended hydrogen- 
bond network anchored by the buried car- 
boxyl group of Asp 128 that hydrogen bonds 
one ureido NH. The latter hydrogen bond 
could stabilize resonance forms that localize 
positive charge on biotin nitrogens and neg- 
ative charge at the biotin ureido oxygen. 
Indeed, the ureido oxygen forms three hy- 
drogen bonds, arranged with tetrahedral 
geometry, suggesting that the groups in- 
volved stabilize an sp 3 oxyanion (Fig. 3B). 
Comparison of strepcavidin and avian avidin 
show that all of the groups that directly bind 
boon are conserved with the exception of 
Ser , which is replaced by Thr with similar 
functionality, and Asp 128 , which, surprising- 
ly, is substituted by Asn (23). These changes 
may reflect some differences in the way 
biotin is stabilized in streptavidin and avi- 
din. However, the analog of the residue that 
hydrogen bonds to Asp 128 in streptavidin, 
Gin , is substituted by Asp in avidin, so 
that slighdy different but similar polariza- 
tion networks could be functional in both 
proteins. Although biotin makes additional 
hydrophobic and hydrogen-binding interac- 
tions that assist binding, the hydrogen- 
bonded interactions with the valervl group 
appear to play a lesser role. This group is 
partially accessible in the complex and pro- 
vides the covalent attachment sites for link- 
r mg biotin with other biomolecules (3). 

Apo and liganded streptavidin differ in 
quaternary structure. Although the observed 
changes could in part reflect differences in 
crystal pH or lattice interactions and there is 
currendy no evidence for subunit cooper- 
anvity, the pattern of quaternary changes 
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nevertheless suggests a consistent mecha- 
nism of subunit communication. Subunit 
differences between apo and liganded strep- 
tavidin include the formation of extensive 
biotinrprotein interactions, concomitant or- 
dering of two surface loops, and forma- 
tion of a salt link between Gkr 51 and Arg 84 
from adjacent loops. Collectively, these in- 
teractions cause the subunit barrels to flatten 
slighdy and become more tighdy wrapped. 
Because the subunit barrels are part of a 
more extended 0 sheet that forms the hydro- 
gen-bonded dimer (Figs. 1 and 2), and the 
barrel exteriors pack at the dimer-dimer 
interface (Figs. 2 and 4), changes in barrel 
curvature effect both hydrogen-bonded di- 
mer geometry and dimer-dimer packing. 
The net result of the change in subunit 
barrel curvature is to alter the twist of £ 
sheet that connects dimer subunits, which 
produces a slight increase in the angle be- 
tween the barrel domains. The tetramer 
adjusts to the changes in dimer sheet twist . 
and preserves the complementary sheet 
packing by a 5.4° rotation of the dimer 
subunits around the corresponding tetramer 
dyad axis (Fig. 4). 

The unusually high affinity of streptavidin 
for biotin reflects participation of a number 
of factors, the analogs of which have been 
previously encountered individually in other 
protein-ligand interactions. These factors in- 
clude oriented dipole arrays to stabilize 
bound oxyanions [for example, the oxyan- 
ion hole in serine proteases (24)], hydrogen- 
bond dipole networks to alter charge distri- 
bution on bound ligands [such as the serine 
protease charge relay system (24)], and dis- 



order-order transitions to sequester boun| 
ligands from the solvent environment [as i 
most phosphate isomerase (25)]. In strepta? 
vidin, these factors, together with quatern a ? 
ry changes in structure, combine to produce 
both strong binding and a high activation 1 G- UGC 
energy for dissociation that characterize the 
near irreversibility of the biotin: streptavidin 
interaction. 
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